Abstract Cultured cyanobacteria produce secondary metabolites with a wide range of biological activities and are an important source of natural products. In the context of secondary metabolite discovery, microbial culture conditions are expected to support optimum growth, induce maximum chemical diversity, and be suitable for the majority of cyanobacterial strains. We investigated the effect of nitrate and phosphate on biomass production and metabolomic profiles of three filamentous freshwater cyanobacterial strains: cf. Oscillatoria sp. UIC 10045, Scytonema sp. UIC 10036, and Nostoc sp. UIC 10110. A standardized inoculation procedure allowed for the assessment of cell mass production. Dried cyanobacterial cell mass was extracted and analyzed by liquid chromatography coupled with high-resolution mass spectrometry, followed by comparative metabolomics analysis using XCMS Online. Results showed that low nitrate media significantly reduced cell mass production for all three strains. Low nitrate also induced production of primary metabolites (heterocyst glycolipids) in strains UIC 10036 and UIC 10110. Changes in phosphate levels affected each strain differently. Strain UIC 10110 showed a significant increase in production of merocyclophane C when cultivated in low phosphate, while strain UIC 10036 displayed higher production of tolytoxin under high phosphate. Additionally, these experiments led to the identification of a potentially new peptide produced by strain UIC 10036.
Introduction
Cyanobacteria have been shown to be prolific producers of biologically active compounds (Tidgewell et al. 2010; Singh et al. 2011; El-Elimat et al. 2012) . Secondary metabolites from cyanobacteria are a chemically diverse group of molecules, including, but not limited to, peptides, fatty acids, polyketides, alkaloids, porphinoids, and terpenoids. Many of these compounds have been found to be antimicrobial, anti-inflammatory, protease inhibitor, antiviral, and anticancer agents (Chlipala et al. 2011; Wang et al. 2017) . A recent example highlighting the importance of cyanobacterial natural product leads for human health is brentuximab vedotin, an FDAapproved antibody-drug conjugate. The payload, monomethyl auristatin E, is a synthetic derivative based on dolastatin 10, a cytotoxic cyanobacterial metabolite (Pettit et al. 1987; Miyazaki et al. 1995; Luesch et al. 2001; Doronina et al. 2003) . It is currently used for the treatment of patients with classical Hodgkin's lymphoma in risk of relapse or progression after transplantation (Moskowitz et al. 2015) .
Cyanobacteria represent a unique group of unicellular and multicellular bacteria that are able to perform oxygenic photosynthesis. Many are also capable of fixing atmospheric nitrogen (Carr and Whitton 1982; Herrero and Flores 2008) . Nitrogen fixation in cyanobacteria is catalyzed by nitrogenases, enzyme complexes that are very sensitive to oxygen, requiring an almost anoxic environment. The intriguing co-occurrence of oxygenic photosynthesis and nitrogen fixation in these organisms is made possible by a variety of mechanisms for protecting the nitrogenase from oxygen. Heterocyst formation is the most efficient form of nitrogenase protection and can be found in strains of the order Nostocales (Fay 1992; Berman-Frank et al. 2003; Flores et al. 2015) . Heterocysts are specialized cells able to fix N 2 . They are surrounded by thick cell walls containing unique glycolipids that function as a barrier to oxygen diffusion (Bauersachs et al. 2009a; Wörmer et al. 2012) . Nitrogen fixed in the heterocysts diffuses to the neighboring vegetative cells, while fixed carbon diffuses from the vegetative cells into the heterocysts (Flores and Herrero 2010) . Despite the ability of nitrogen fixation, cyanobacteria preferentially assimilate organic nitrogen in the environment in the form of nitrate, ammonia, urea, or amino acids (Fay 1992; Holl and Montoya 2005) . Among the different nitrogen sources, nitrate has been correlated to increased growth of different cyanobacterial strains in culture (Patterson and Bolis 1995; Johnson et al. 2017) . Ecological studies also describe that different taxa respond differently to nitrogen concentration, explaining the changes in seasonal or spatial distribution of cyanobacterial communities in freshwater systems with varying nutrient levels (Dolman et al. 2012; Monchamp et al. 2014; Beaulieu et al. 2014; Wood et al. 2017) .
Many bioactive compounds have been isolated from field-collected biomass as well as from laboratory cultures of cyanobacteria (Tan 2007; Wang et al. 2017 ). There are several advantages in using laboratory cultures for the purpose of secondary metabolite discovery. Cyanobacteria often grow naturally as an assemblage of organisms and it can be difficult to determine the actual origin of a natural product. In addition, large-scale isolation of compounds requires recollection of material, making reproducibility of the results difficult. In culture, cyanobacteria are able to grow to a sufficient density to allow for the isolation of natural products. Furthermore, it is possible to cultivate cyanobacterial strains that may not display dense growth in nature. Controlled culture conditions ensure reproducibility and sample purity can be assured by the use of unialgal strains (Chlipala et al. 2011; Orjala et al. 2011) . It is also known that changes in culture conditions influence the secondary metabolism of cyanobacteria and can be used as a strategy to improve production of compounds of interest.
Different research groups have investigated the impact of cyanobacterial culture conditions with various endpoints: to increase biomass and lipid content for biofuel production (Tedesco and Duerr 1989; Silva et al. 2014; Johnson et al. 2017) , to analyze the release of harmful toxins (Patterson and Bolis 1993; Rapala et al. 1993; Patterson and Bolis 1995; Yin et al. 1997; Mazur-Marzec et al. 2005; Rohrlack and Utkilen 2007; Vico et al. 2016; Mowe et al. 2016) , to investigate the ecology and physiology of strains related to harmful algal blooms (Yue et al. 2015; Briand et al. 2016) , and to study and to improve production of useful compounds (Hong and Lee 2008) and specific bioactive molecules (Ray and Bagchi 2002; Repka et al. 2004; Tarko et al. 2012; Preisitsch et al. 2016a, b; ) . Some of the parameters analyzed and optimized in these studies were light, temperature, pH, metals, halide ions, nitrogen source, nitrogen level, phosphate, and calcium levels. In general, the endpoint of these studies was an increase or decrease of a limited number of metabolites specified by the research question. Proteomics and transcriptomics have been used to analyze the behavior of cyanobacterial strains submitted to stress conditions, with a focus on the ecological aspects of potential environmental changes (Huang et al. 2013; Teikari et al. 2015; Yue et al. 2015) . Analyses of the whole secondary metabolome have only been reported for co-cultures of Microcystis aeruginosa strains (Briand et al. 2016) . Thus, the use of metabolomics to assess the complex responses of cyanobacteria in different culture conditions remains underexplored. Here we describe the use of comparative metabolomics to assess how different culture conditions influence the chemical diversity produced by freshwater cyanobacteria. From the perspective of secondary metabolite discovery, ideal culture conditions should promote optimum growth, induce maximum diversity of secondary metabolites, and be suitable for a variety of different strains. In the present study, we evaluated the effects of different levels of nitrate and phosphate on filamentous freshwater cyanobacteria in culture. We selected three strains that are known to be prolific producers of antiproliferative compounds of different chemical classes: cf. Oscillatoria sp. UIC 10045 (cyclic lipopeptides) (Luo et al. 2015) , Scytonema sp. UIC 10036 (scytophycins, Supplementary Material Fig. S1 ), and Nostoc sp. UIC 10110 (merocyclophanes) (May et al. 2017 ). The impact of the different culture media was assessed in terms of biomass production and relative changes in metabolomic profiles by UPLC-HRMS.
Material and methods

Biological material
Oscillatoria sp. UIC 10045, Scytonema sp. UIC 10036, and Nostoc sp. UIC 10110 were isolated from environmental samples collected in the USA through micropipette isolation techniques (Stein-Taylor and Gantt 1980; Acreman 1994; Chlipala et al. 2009) (Fig. 1) . The sample containing strain cf. 
Media
All strains were grown in culture media Z (Staub 1961; Falch et al. 1995) , Z45 (Mian et al. 2003) , Z o , and Z45 o . Z o and Z45 o are modified versions of Z and Z45 respectively, made by omitting nitrate (sodium nitrate and calcium nitrate) and supplementing calcium ions as calcium chloride. After analysis of the first experiments, and due to the promising bioactivity of merocyclophane C (May et al. 2017) , strain Nostoc sp. UIC 10110 was further cultivated in two new media designated Z lowP and Z N , which are modified versions of Z medium. Media ingredients are detailed in the Supplementary Material Table S1 .
Culture conditions
Strains were grown in stock cultures of 150 mL of medium (Z, Z45, Z o , or Z45 o ) in 250-mL Erlenmeyer flasks for 2 weeks. Cell mass from stock cultures was transferred to pre-weighted centrifuge tubes and centrifuged for 15 min at 3500×g. The medium was removed with a sterile pipette. Fifty milligram of the remaining wet cell mass was used to inoculate 100 mL of medium in 250-mL Erlenmeyer flasks. Inoculations were performed in triplicates for each medium and cultures were grown for 6 weeks. Stock cultures and cultures were kept at 22°C in an 18-/6-h light/dark cycle provided by fluorescent lamps (mean irradiance of 26 μmol photons m
).
Harvest and extraction
After 6 weeks, cell material was harvested by centrifugation and freeze-dried in pre-weighed conical tubes. Dry cell mass was weighed and extracted by maceration with 100 mL of methanol/dichloromethane 1:1 (v/v) at 4°C. Extracts were filtered, dried in vacuo, and stored in preweighed glass vials at 4°C.
Statistical analyses
Dry cell mass and extract mass measurements were analyzed using GraphPad Prism (version 7.00 for Windows, GraphPad Software, USA). One-way analysis of variance (ANOVA) and Bonferroni post hoc test were performed. Differences were considered significant at P < 0.05.
LC-HRMS analyses
Extracts (250 μg) were subjected to a cleanup procedure using Extract Clean C18 cartridges and methanol. Once dry, samples were resuspended in methanol spiked with meloxicam, which was used as an internal standard for LC-MS analysis. All LC-HRMS analyses were performed in technical duplicates on a Shimadzu UPLC-IT-TOF. The quality of the replicates and inter-data set analyses were controlled by the intensity of internal standard (meloxicam) signals (Supplementary  Material Table S2 ). Reverse-phase chromatography was carried out at 500 μL min −1 flow rate with a Phenomenex Kinetex C18 RPLC column (50 mm length × 2.1 mm i.d., 1.7 μm particle size, 100 Å pore size). The 7-minute gradient program utilized water with 0.1% formic acid (A) and acetonitrile (B) from 5 to 100% B. Mass spectrometry parameters were as follows: event 1 (positive mode, scan range 250-1200 m/z, event time 127 ms); event 2 (positive mode, scan range 900-2000 m/z, event time 300 ms), event 3 (negative mode, scan range 250-1200 m/z, event time 127 ms), event 4 (negative mode, scan range 900-2000 m/z, event time 300 ms).
Data processing
LC-HRMS data was exported as mzXML files and imported into XCMS Online (available at https://xcmsonline.scripps. edu, Scripps Center for Metabolomics, La Jolla, CA, USA). Data acquired in positive and negative mode were processed separately. All files were processed with the same processing parameters: (feature detection: centroid wave, ppm: 10, minimum peak width: 8 s, maximum peak width: 20s; retention time correction: none; alignment: mzwid: 0.015, 
Results
Biomass production
Cyanobacterial biomass production was assessed by measurement of dry cell mass after 6 weeks of cultivation. Overall, low nitrate in culture media (Z o and Z45 o ) resulted in a drastic reduction of biomass formation. For strains UIC 10110, UIC 10045, and UIC 10036, Z o medium yielded 7, 4, and 13% of the dry cell mass produced in Z medium, respectively. For strains UIC 10110 and UIC 10045, Z45 o media yielded 6 and 27% of the dry cell mass produced in Z45 medium, respectively. Strain UIC 10036 displayed higher growth in Z45 o medium (14 mg of dry cell mass) in comparison to Z45 (3 mg of dry cell mass). No significant difference was found in strains UIC 10110 and 10045 when cultivated in Z and Z45 media in terms of biomass production (Fig. 2a) . Dry cell mass was extracted as described. For all strains, the apparent higher amounts of extract obtained from cells cultivated in Z o medium when compared to Z45 o were not statistically significant (Fig. 2b) .
Comparative metabolomic analysis
Only extracts greater than or equal to 2 mg were analyzed by LC-HRMS, as we observed that extracts with yield lower than 2 mg displayed low secondary metabolite concentration, possibly due to cells being in starvation state. Extracts were all prepared at the same concentration to ensure that metabolomics analysis was not biased by biomass production. Strain UIC 10045 displayed comparable growth in both Z and Z45 media (62 and 56 mg, respectively), but no significant differences were observed in the metabolomic profiles (data not shown).
Extracts from strain UIC 10036 cultured in Z, Z o , and Z45 o were analyzed by LC-HRMS followed by pairwise comparison on XCMS. The output of XCMS analysis is presented in Fig. 3 as cloud plots. In each plot, chromatograms of all replicates for both treatments being compared are overlaid. Disks indicate statistically significant differences in the intensity of metabolic features. The bigger the disk, the greater the difference; the darker the disk, the more significant the difference of the indicated m/z is in terms of P value. Strain UIC 10036 was shown to produce tolytoxin and scytophycin C, two cytotoxic compounds that were identified in our LC-HRMS analysis eluting at 4.58 and 5.02 min, respectively (Supplementary Material Fig. S2) . Comparison of the metabolic profiles of strain UIC 10036 cultured in Z o versus Z45 o (both low in nitrate) shows an increase of tolytoxin in Z45 o medium (low nitrate and high phosphate) (Fig. 3a) . To be analyzed by XCMS, LC-MS data was converted to mzXML format and XCMS centroid wave peak detection algorithm was used. This process can produce slight shifts on accurate mass data, as well as detect relative increase or decrease of isotopic peaks, that might confound the analysis. Therefore, manual inspection of the data was necessary to verify the consistency of the m/z and retention time of the disks on the cloud plot. The comparison of the metabolic profiles of strain UIC 10036 cultivated in high and low levels of nitrate is shown in Fig. 3b . Higher production of tolytoxin was observed when the strain was cultivated in Z medium versus Z o medium. On the other hand, a cluster of disks at 5.88 min indicated a 4.38-fold increase in production of a metabolite of m/z 691.472 in Z o medium. Manual inspection showed this m/z to be a formic acid adduct formed in negative mode. Data in positive mode was also analyzed and the molecular formula of the compound was determined to be C 36 H 70 O 9 ([M+Na] + m/z 669.4931; calculated for C 36 H 70 NaO 9 , 669.4918; Δ +1.94 ppm). This molecular formula and fragmentation pattern are consistent with the heterocyst glycolipid 1-(O-α-D-glucopyranosyl)-27-keto-(1,3R,29R)-triacontanetriol previously observed in a Scytonema hofmanni strain (Gambacorta et al. 1998 ).
Comparison of strain UIC 10036 cultivated in Z and Z45 o media also showed increased production of the putative heterocyst glycolipid as a consequence of low nitrate in media. Furthermore, in Z45 o medium a metabolite of m/z 994.564 showed a significant increase in comparison to Z medium. Manual examination of the data in positive and negative mode was performed, and the molecular formula of the compound was determined to be C 47 H 85 N 11 O 12 ([M+H] + m/z 996.6479; calculated for C 47 H 86 N 11 O 12 , 996.6457; Δ +2.21 ppm). This potentially novel molecule is currently undergoing isolation and structure elucidation (Fig. 3c) .
Strain UIC 10110 displayed sufficient biomass production in Z and Z45 media and extracts were subjected to comparative metabolomics analysis. In lower levels of phosphate (Z medium), an increased production of merocyclophane C and its oxidation product were observed. Interestingly, no statistically significant changes in production of merocyclophane A were detected, leading to the hypothesis that low phosphate in media selectively induces production of merocyclophane C by strain UIC 10110 (Fig. 4a) . To test this hypothesis, we designed a new medium called Z lowP containing half of the molar concentration of phosphate found in Z medium. Comparative metabolomic analysis of strain UIC 10110 in Z and Z lowP media supported our hypothesis (Fig. 4b) . A cluster of disks at 5.31 min on the cloud plot indicates a significant increase in production of merocyclophane C in Z lowP medium. Concurrently, no difference in production of merocyclophane A was detected, supporting that low phosphate in media selectively induces production of merocyclophane C. In this same plot, a closer examination into the disk at 6.52 min indicated a slight increase in production of merocyclophane B, a minor metabolite which is a probable oxidation product of merocyclophane A. This can be explained by the fact that extracts of strain UIC 10110 in Z medium were produced 5 months before the extracts of cells cultivated in in Z lowP medium. Z lowP medium was designed after analysis of the data from the first batch of experiments in Z, Z o , Z45, and Z45o media. Thus, a higher concentration of merocyclophane B in strain UIC 10110 from Z medium is most probably a consequence of oxidation due to storage time. As previously described, no significant differences in production of merocyclophane A were detected in this pairwise comparison, supporting that storage time affected mainly minor metabolites, such as merocyclophane B.
Taking advantage of this new set of experiments with strain UIC 10110, we also designed Z N medium, which contained intermediary amounts of nitrate. The cloud plot of the comparison of strain UIC 10110 cultivated in Z and Z N media is shown in Fig. 4c . Again, the increased concentration of merocyclophane B (disk at 6.48 min) in Z medium is probably a consequence of storage time. The disk at 5.25 min indicated an increase in production of merocyclophane C when cells were cultured in Z N medium. However, the greater difference in metabolite production observed in this comparison is highlighted by the cluster of disks at 5.25 min. Manual inspection determined the molecular formula of this compound to be C 32 H 64 O 8 ([M+H] + m/z 577.4691; calculated for C 32 H 64 O 8 , 577.4679; Δ +2.08 ppm). This formula is consistent with 1-(O-hexose)-3,25-hexacosanediol, a known cyanobacterial heterocyst glycolipid (Bauersachs et al. 2009b) , indicating that, under nitrate starvation, strain UIC 10110 increased production of heterocysts without declining secondary metabolite production. Figure 5 shows dry cell mass produced by strain UIC 10110 when cultured in each of these media. 
Discussion
In this study, we evaluated biomass production and metabolomic profiles of three filamentous freshwater cyanobacteria cultivated with different levels of nitrate and phosphate. Our data showed that low levels of nitrate significantly reduced biomass production for all tested strains, including cyanobacteria that produce heterocysts and are known to be capable of N 2 fixation (Fay 1992) . Elimination of the nitrogen source from culture media is a well-stablished technique for the selection of nitrogen-fixing algae (Stein-Taylor and Gantt 1980) , and some strains are indeed able to grow in low nitrogen conditions. However, our results indicated that biomass production is limited under these conditions. In accordance with our results, other cyanobacterial strains were experimentally shown to reduce biomass production under nitrogen starvation, regardless of heterocyst production (Patterson and Bolis 1995; Hong and Lee 2008) .
We further investigated the effect of high and low levels of nitrate on the metabolomic profile of strains Nostoc sp. UIC 10110 and Scytonema sp. UIC 10036. Extracts obtained from cells cultivated in Z o , Z45 o , or Z N media (lower nitrate levels) contained increased amounts of heterocyst glycolipids, which are primary metabolites related to nitrogen fixation. To the best of our knowledge, heterocyst glycolipids have no described bioactivity that could be translated to applications in human health. Furthermore, the presence of glycolipids in the extracts can complicate the isolation of bioactive metabolites. In the example of strain UIC 10110, the heterocyst glycolipid elutes between the peaks of merocyclophanes C and A (Fig. 4c) , which would limit the sample load during the isolation process. For strain UIC 10036, we observed two major changes that suggested a shift from the secondary to the primary metabolism under nitrogen starvation: (a) an increase in production of heterocyst glycolipids and (b) a decrease in production of tolytoxin (Fig. 3b) . A similar reduction of tolytoxin, as well as other scytophycins, by a Scytonema ocellatum strain under nitrogen starvation was reported by Patterson and Bolis (1995) .
The effect of phosphate levels in culture media yielded different results for different strains. While strains Nostoc sp. UIC 10110 and cf. Oscillatoria sp. UIC 10045 showed similar growth in Z and Z45 media, strain Scytonema sp. UIC 10036 displayed significant reduction of biomass in Z45 medium (high phosphate level). There is ecological evidence that phosphorus load is a major player in eutrophication and occurrence of cyanobacterial blooms (Carr and Whitton 1982; Conley et al. 2009; Schindler et al. 2016 ). However, experimental results are often contradictory and different cyanobacterial strains were shown to be stimulated or inhibited when phosphorus levels are increased in culture media (Patterson and Bolis 1995; Kuffner and Paul 2001; Heath et al. 2016 ). This apparent discrepancy could be in part explained by the fact that phosphate levels used in culture media are significantly higher than phosphorus concentration in the natural environment. Phosphate concentration in well-stablished culture media varies from 7 μM in DY-Yup to 215 μM in Allen medium. In freshwater systems, dissolved reactive phosphorus has been reported in concentrations ranging between 0.02 and 3 μM (Kilroy and Bothwell 2012; Baker et al. 2014; Wood et al. 2017 ). In our experiments, the high phosphate media (Z45 and Z45o, 399 μM) did not correlate to increased biomass production by any of the tested strains, suggesting that the low phosphate media supplied sufficient phosphate to support growth. On the other hand, significant changes in the metabolomic profiles of strains UIC 10036 and UIC 10110 were observed under different phosphate levels.
Comparative metabolomic analysis of strain Scytonema sp. UIC 10036 cultivated in Z45 o (high phosphate) and Z o (low phosphate) media showed an increase in production of tolytoxin under the high phosphate condition (Fig. 3a) . We also observed increased production of a metabolite of m/z 994 [M−H] − in Z45 o in comparison to Z medium. MS/MS analysis revealed the peptidic nature of this metabolite and no hits were identified through dereplication by database search or molecular networking (data not shown), suggesting that it is a potentially novel compound. In the case of strain Nostoc sp. UIC 10110, metabolomic analysis indicated an increase in merocyclophane C production under low phosphate levels, while the amount of merocyclophane A was not altered. The effect of phosphorus on cyanobacterial metabolites has been previously described with an emphasis on toxic compounds (Lehtimäki et al. 1997; Bácsi et al. 2006; Burford et al. 2014; Heath et al. 2016; Mowe et al. 2016) . Fewer reports evaluate the effects of phosphate in the context of secondary metabolite discovery (Repka et al. 2004 ) and our study is the first to describe the impact of phosphate on the biosynthesis of [7.7] paracyclophanes. Increased attention has been given to [7.7] paracyclophanes due to their many biological activities, such as cytotoxicity against cancer cell lines, proteasome inhibition, anti-Mycobacterium tuberculosis, Staphylococcus aureus, Enterococcus faecalis, and anti- MRSA (Bui et al. 2007; Chlipala et al. 2010; Kang et al. 2012; Luo et al. 2014; Preisitsch et al. 2015; May et al. 2017) . Recently, the impact of temperature and halide ions on the production of carbamidocyclophanes by Nostoc sp. CAVN2 was described (Preisitsch et al. 2016a, b) . In summary, this study provided important insights into the influence of phosphate and nitrate levels on cultured freshwater cyanobacteria. We observed that nitrogen starvation significantly reduced the potential for biomass production by all tested strains. Furthermore, extracts from strains Nostoc sp. UIC 10110 and Scytonema sp. UIC 10036 cultivated in low nitrate media contained increased amounts of heterocyst glycolipids, which are primary metabolites that increase the complexity of the extracts and complicate the chromatographic separation in the process of compound isolation. Our data suggest that culturing freshwater cyanobacteria in nitrate-rich culture media is a better option for the purpose of secondary metabolite discovery. Phosphate produced different effects on different strains in terms of both growth and metabolomic profiles. Strain Nostoc sp. UIC 10110 showed an increase in production of secondary metabolites in low phosphate media, while strain Scytonema sp. UIC 10036 increased production of metabolites in Z45 o (high phosphate, low nitrate) versus Z o medium (low phosphate, low nitrate). Additionally, these experiments revealed a potentially novel metabolite produced by strain Scytonema sp. UIC 10036, demonstrating the importance of media selection for secondary metabolite discovery.
